Can the Helium-Enriched Main-Sequence Donor Scenario Hide Enough
  Hydrogen to Explain Type Ia Supernovae? by Liu, Zheng-Wei & Stancliffe, Richard J.
ar
X
iv
:1
70
5.
06
32
9v
2 
 [a
str
o-
ph
.SR
]  
26
 Ju
l 2
01
7
MNRAS 000, 1–?? (2017) Preprint 26 October 2018 Compiled using MNRAS LATEX style file v3.0
Can the Helium-Enriched Main-Sequence Donor Scenario
Hide Enough Hydrogen to Explain Type Ia Supernovae?
Zheng-Wei Liu⋆ and Richard J. Stancliffe
Argelander-Institut fu¨r Astronomie, Auf dem Hu¨gel 71, D-53121, Bonn, Germany
Accepted 2017 May 17. Received 2017 May 16; in original form 2017 April 24
ABSTRACT
Hydrodynamical simulations predict that a large amount of hydrogen (& 0.1 M⊙) is
removed from a hydrogen-rich companion star by the SN explosion in the single-
degenerate scenario of Type Ia supernovae (SNe Ia). However, non-detection of
hydrogen-rich material in the late-time spectra of SNe Ia suggests that the hydro-
gen mass stripped from the progenitor system is . 0.001–0.058 M⊙. In this letter we
include thermohaline mixing into self-consistent binary evolution calculations for the
helium-enriched main-sequence (HEMS) donor channel of SNe Ia for the first time.
We find that the swept-up hydrogen masses expected in this channel are around 0.10-
0.17 M⊙, which is higher than the observational limits, although the companion star
is strongly helium-enriched when the SN explodes. This presents a serious challenge
to the HEMS donor channel.
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1 INTRODUCTION
Type Ia supernovae (SNe Ia) play a fundamental role in as-
trophysics. However, despite recent progress on both the the-
oretical and observational side, their specific progenitor sys-
tems have not yet been identified (Hillebrandt & Niemeyer
2000; Maoz et al. 2014). The two favored classes of SN
Ia progenitors are the single-degenerate (SD) and double-
degenerate (DD) scenario. In the DD scenario, two carbon-
oxygen white dwarfs (C+O WDs) merge due to grav-
itational wave radiation, triggering an SN Ia explosion
(Iben & Tutukov 1984; Webbink 1984). In the SD scenario,
the WD accretes matter from either a main-sequence (MS),
subgiant (SG), red-giant (RG), or helium star compan-
ion, to ignite a thermonuclear explosion when its mass
reaches the Chandrasekhar-mass limit (Whelan & Iben
1973; Han & Podsiadlowski 2004).
In the SD scenario, ejecta from the SN explosion hits
the companion star, removing some its outer layers which are
either hydrogen- or helium-rich depending on the nature of
the companion (Wheeler et al. 1975). If a significant amount
of hydrogen mass can be blown off from the companion star,
some features of hydrogen emission could be detectable in
their late-time spectra, depending on the distances to the
observed SNe Ia. To date, no strong evidence of the swept-
up hydrogen has been detected.1 It has been claimed that
⋆ E-mail: liuzheng-wei@hotmail.com
1 Although there is a peculiar class of SNe Ia displaying
there is an upper limit on the hydrogen-mass in the pro-
genitor systems of SNe Ia, namely 0.001 − 0.058 M⊙ (e.g.,
Leonard 2007; Lundqvist et al. 2013, 2015; Shappee et al.
2013, 2016; Graham et al. 2015; Maguire et al. 2016). How-
ever, two- and three-dimensional hydrodynamical simula-
tions have predicted that about 5%–30% of the companion
mass, i.e., & 0.1 M⊙ , can be removed from outer layers of a
MS, SG or RG companion star by the SN explosion (e.g.,
Marietta et al. 2000; Pakmor et al. 2008; Liu et al. 2012,
2013a,b; Pan et al. 2012; Boehner et al. 2017), which is in
conflict with the observational constraints on the swept-up
hydrogen masses. This is a serious challenge for the SD sce-
nario.
In Hachisu et al. (1999, hereafter H99), the helium-
enriched MS (HEMS) donor channel was proposed as a new
evolutionary path to SNe Ia. In this channel, the binary
system undergoes a common envelope event to form a he-
lium star and a MS companion. This helium star subse-
quently overfills its Roche lobe during core helium burning
to deposit helium-rich material onto its MS companion. As
a consequence, a binary system consisting of a C+O WD
and a helium-enriched MS companion star is produced. This
strong features of hydrogen in their spectra, e.g., SN 2002ic
(Hamuy et al. 2003; Wood-Vasey et al. 2004), SN 2005gj
(Aldering et al. 2006) and PTF11kx (Dilday et al. 2012), they
have been generally suggested to come from interaction of
the SN ejecta with their hydrogen-rich circumstellar medium
(Silverman et al. 2013).
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Figure 1. Binary evolutionary path of the helium-enriched main-sequence donor scenario for SNe Ia. We refer the reader to H99 for a
detailed description of the system’s evolution.
helium-enriched MS star then experiences Roche-lobe over-
flow (RLOF), transferring matter to the WD, which grows
in mass until the Chandrasekhar limit is reached and an
SN Ia occurs (Fig. 1). In this scenario, the MS companion
may have strongly helium-enriched outer layers when the
SN Ia explodes if a sufficient amount of helium-rich mate-
rial has been accumulated onto it (and these have not yet
been stripped by its own RLOF episode). The material sub-
sequently removed from the companion by the SN explo-
sion could then be hydrogen-deficient, which may provide a
way to explain the lack of hydrogen-features in the late-time
spectra of SNe Ia.
Rather than leave a layer of almost pure helium on the
surface of the MS companion, the material accreted from
the helium star will become mixed into the companion’s in-
terior by the action of thermohaline mixing. This process
occurs when the mean molecular weight of the stellar gas
increases towards the surface, in this case because the ac-
creted helium layer has a higher mean molecular weight
than the material of the MS companion. A gas element, dis-
placed downwards and compressed, will be hotter than its
surroundings. It will therefore lose heat, increase in density
and continue to sink. This results in mixing on a thermal
timescale until the molecular weight difference has disap-
peared (Kippenhahn et al. 1980; Stancliffe et al. 2007). The
effects of thermohaline mixing on the structure and compo-
sition of stars have been widely analyzed either in low-mass
binaries or in massive systems (e.g., Wellstein et al. 2001;
Stancliffe et al. 2007; Stancliffe & Glebbeek 2008; Stancliffe
2010; Siess 2009), as thermohaline mixing is expect to nat-
urally occur in binary systems when material that has un-
dergone nuclear processing from the primary star is trans-
ferred to its less evolved secondary. At stage V of the HEMS
donor scenario (Fig. 1), helium-rich material from the pri-
mary star is transferred to the surface of the MS secondary.
This alters the surface composition of the secondary because
thermohaline mixing is expected to naturally occur as this
accreted material has a greater mean molecular weight than
that of the MS secondary (Kippenhahn et al. 1980). There-
fore, thermohaline mixing cannot be neglected in the HEMS
donor scenario.
In this letter, we perform self-consistent binary evolu-
tion calculations for the HEMS donor scenario, including
the effects of thermohaline mixing. We use the outcome of
these simulations to calculate the swept-up hydrogen mass
expected when the SN ejecta interacts with the MS compan-
ion in these systems.
2 NUMERICAL METHODS
We use the Cambridge stellar evolution code STARS
(Eggleton 1971, 1972; Pols et al. 1995; Stancliffe & Eldridge
2009) to trace the detailed binary evolution for the HEMS
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Table 1. Models in our binary evolution calculations with the STARS code. We list only some of those systems that produce an SN Ia.
Model MMS(IV) MHe(IV) Porb(IV) Porb(VI) MWD(VI) M2(VIII) Q(VIII) R2(VIII) ∆MHe(V) ∆MH,1 ∆MH,2
[M⊙] [M⊙] [days] [days] [M⊙] [M⊙] [R⊙] [M⊙] [M⊙] [M⊙]
M01 2.0 1.0 1.0 1.3 0.84 1.40 2.64 2.2 0.16 0.10 0.13
M02 2.0 1.2 2.0 3.2 0.89 1.54 2.58 4.3 0.31 0.11 0.13
M03 2.5 1.2 1.0 1.7 0.89 2.18 2.39 2.5 0.31 0.14 0.18
M04 3.0 1.2 2.0 3.6 0.89 2.75 2.27 4.1 0.31 0.16 0.22
M05 2.0 1.4 2.0 3.5 0.94 1.61 2.56 5.3 0.46 0.10 0.13
M06 2.5 1.4 4.0 7.8 0.95 2.42 2.34 7.5 0.45 0.14 0.18
M07 2.0 1.6 1.0 1.9 1.00 2.09 2.41 3.1 0.60 0.12 0.15
M08 2.0 1.6 3.0 5.5 1.01 2.06 2.42 6.5 0.59 0.11 0.15
M09 2.5 1.6 5.0 10.5 1.01 2.65 2.30 9.9 0.59 0.13 0.18
M10 2.0 1.8 2.0 3.6 1.09 2.31 2.36 5.3 0.69 0.12 0.16
M11 2.5 1.8 4.0 8.7 1.08 2.87 2.26 9.5 0.73 0.14 0.19
M12 3.0 1.8 6.0 14.5 1.08 3.38 2.18 13.9 0.72 0.17 0.22
Note. MMS (IV), MHe (IV) and Porb (IV) are the mass of the MS star, mass of the helium star and orbital period of the binary system
at stage IV of Fig. 1. Porb (VI) and MWD(VI) are the orbital period of the system and the mass of the WD at stage VI. M2 (VIII) and
R2 (VIII) are the mass and radius of the companion star at stage VIII, and Q= Aorb/R2 is the ratio of orbital separation to companion
radius. Here, ∆MHe (V) is the total helium masses that are transferred to a main-sequence companion star at stage V. The amount of
swept-up hydrogen masses owing to the SN explosion, ∆MH,1 and ∆MH,2, are estimated based on recent hydrodynamical simulations of
Liu et al. (2012) and Pan et al. (2012), respectively.
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Figure 2. Left panel: Hertzsprung-Russell diagram showing the evolutionary tracks of the primary (double dotted curve) and companion
star (solid and single dotted curves) in the model“M02”(Table 1). Different evolutionary stages in Fig. 1 are marked with Roman numerals.
A star symbol shows the moment of SN explosion. Right panel: chemical composition profiles of the HEMS donor star as a function of
mass coordinate when the SN explodes.
donor scenario. We start our calculation when a massive
primary star evolves to a helium star. i.e., at stage IV in
Fig. 1, where the initial parameters of these binary systems
are selected based on the results of H99 (see their Figure 1).
Therefore, our initial binary systems are set to have a pri-
mary star of 1.0–1.8 M⊙ and a secondary of 2.0–3.0 M⊙ with
an orbital period of 1.0–8.0 d. Thermohaline mixing has been
implemented into the code as described by Stancliffe et al.
(2007). The detailed structures of two components in the bi-
nary system are consistently solved in our calculation from
stage IV to VII. Once the helium primary star evolves to be-
come a WD and the MS companion starts to fill its Roche
lobe at stage VII, instead of solving the detailed structure
of the WD, we treat the WD as a point mass and follow
the method of H99 to calculate the mass growth rate of the
WD, ÛMWD. We set up the mass accumulation efficiency for
MNRAS 000, 1–?? (2017)
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hydrogen shell burning ηH as follows.
ηH =
ÛMcr/ | ÛM2 |, (10
−4
M⊙ yr
−1
> | ÛM2 | > ÛMcr)
1, ( ÛMcr > ÛM2 > 10
−7
M⊙ yr
−1)
0, ( ÛM2 < 1 × 10
−7
M⊙ yr
−1)
(1)
where ÛMcr = 1.2×10
−6(MWD/M⊙ −0.4) M⊙ yr
−1 is the critical
accretion rate for stable hydrogen burning, MWD is the mass
of the accreting WD, ÛM2 is the mass transfer rate. The opti-
cally thick wind H99 is assumed to blow off all unprocessed
material if | ÛM2 | > ÛMcr, and the lost material is assumed to
take away the specific orbital angular momentum of the ac-
creting WD.
The mass accumulation efficiency for helium shell burn-
ing ηHe, is calculated based on Kato & Hachisu (1999):
ηHe ={
1, (−5.9 6 log ÛMHe . −5.0)
−0.175 (log ÛMHe + 5.35)
2
+ 1.05, (−7.8 6 log ÛMHe < −5.9)
(2)
We assume the WD explodes as an SN Ia, i.e., at stage
VIII in Fig. 1, when its masses reaches the Chandrasekhar-
mass limit (which we take as 1.4 M⊙). Any rotation of the
WD is not considered in our calculation here.
3 RESULTS
Figure 2 presents an example of our detailed binary evo-
lution calculation for a binary system (i.e., model M02 in
Table 1) consisting of a 1.2 M⊙ primary star (a helium star)
and a 2.0 M⊙ secondary (a MS star). This binary system has
an initial orbital period of 2.0 days at stage IV. The helium
star transfers its helium-rich material to the MS companion
star as it undergoes the RLOF episode at stage V. As a re-
sult, about 0.31 M⊙ of helium-rich material is accumulated
onto the surface of the MS companion, and a binary sys-
tem consisting of an 0.89 M⊙ WD and a helium-enriched MS
companion (with a total mass of 2.31 M⊙) with an orbital
period of about 3.2 d is formed (stage VI). The surface mass
fraction of helium immediately after accretion is 0.98, but
the accreted layer is rapidly mixed into the companion’s in-
terior via thermohaline convection. By the time equilibrium
has been reached, the surface helium mass fraction is around
0.4. The companion star subsequently fills its Roche lobe,
transferring material to the WD, which eventually reaches
the Chandrasehkar mass, at which point we assume than
an SN explosion occurs (stage VIII). Detailed composition
profiles of different elements as a function of mass coordi-
nate at the moment of SN explosion (stage VIII) are given
in the right-hand panel of Fig. 2. In general, mass transfer
from the helium star results in between 0.1 and 0.7 M⊙ being
transferred to the MS companion.
Rather than performing computationally expensive hy-
drodynamical simulations to determine, the amount of ma-
terial stripped from the companion by the SN ejecta, we
directly adopt the power-law relationships between total
swept-up masses and the ratio of orbital separation to com-
panion radius, Aorb/R2, given by past impact simulations for
the MS companion star model to predict the amount of com-
panion material that can be blown off by the SN explosion.
Specifically for this work, Eq. 2 of Liu et al. 2012 and Eq. 4
of Pan et al. 2012 are used. For a given SN explosion model,
it has been found that the ratio of Aorb/R2 is the most im-
portant factor to determine the total mass removed by the
SN explosion (e.g., Marietta et al. 2000; Pakmor et al. 2008;
Liu et al. 2012; Pan et al. 2012). Once the total removed
mass is obtained, we further calculate the swept-up pure
hydrogen mass based on the mass fraction profiles of hydro-
gen of the companion star at the moment of the explosion
(Fig. 2). Here, we assume that the outer layers of the star are
symmetrically removed via interaction with the SN ejecta.
We obtain that the mass range of swept-up companion mate-
rial is about 0.17–0.30 M⊙ according to Liu et al. (2012), or
about 0.2–0.4 M⊙ according to Pan et al. (2012). Taking the
mass fraction of hydrogen (XH ≈ 0.55) in the outer layers of
the star into account, the amount of swept-up pure hydrogen
in the HEMS donor scenario is about 0.10–0.17 M⊙ accord-
ing to Liu et al. (2012), or about 0.13–0.22 M⊙ according to
Pan et al. (2012). We list the predicted stripped hydrogen
masses in Table 1.
4 DISCUSSION AND SUMMARY
We find that the outer layers of the companion star in the
HEMS donor scenario proposed by H99 are strongly helium-
enriched when the SN explodes. However, our calculations
still predict that the amount of swept-up hydrogen in the
HEMS donor scenario is more massive than 0.1 M⊙ , which is
higher than the observational constraints on the total hydro-
gen masses in SN Ia progenitor systems, which is expected
to be . 0.001−0.06 M⊙ . If the HEMS donor channel is a sig-
nificant route to SNe Ia formation (something that we shall
determine from population synthesis calculations in forth-
coming work), then the non-detection of hydrogen in these
systems is a serious problem.
To predict the amount of swept-up hydrogen, we di-
rectly adopt the power-law fits to recent hydrodynamical
simulations for the MS companion star model (Liu et al.
2012; Pan et al. 2012). These models adopt the structure of
a normal, hydrogen-rich MS star. The structure of the com-
panion star in the HEMS donor scenario will be different.
It has been found that the details of companion structures
can slightly affect the fitting parameters of these power-law
relations (see Table 3 of Liu et al. 2012). Therefore, we do
not expect it will significantly affect the results of swept-up
hydrogen masses expected in our calculations.
The observational upper limits on the amount of hy-
drogen in the progenitor systems are given based on the
one-dimensional spectral modelling of Mattila et al. (2005)
and Lundqvist et al. (2013). As discussed in detail by
Maguire et al. (2016), uncertainties in the spectral mod-
elling and observations will affect the stripped hydrogen
mass predicted from the observations. For instance, the
number of elements, ionization states and atomic levels in-
cluded by the spectral synthesis models is limited. As dis-
cussed in Lundqvist et al. (2015), this could lead to an un-
derestimation of the line scattering and fluorescence. Also,
whether the low-velocity hydrogen-rich material that is
well confined within the radioactive material of SN explo-
sion ejecta is sufficiently powered by radioactive heating
to produce hydrogen emissions is still uncertain. In addi-
MNRAS 000, 1–?? (2017)
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tion, the one-dimensional modelling of Mattila et al. (2005)
and Lundqvist et al. (2013) was under an assumption of
spherical symmetry and ignored any clumpiness in the SN
ejecta. However, hydrodynamical models show that material
is not swept-up from the companion star symmetrically. This
asymmetric distribution of the swept-up companion mate-
rial is expected to affect the shape and wavelength of the
observed line profiles (Maguire et al. 2016). If clumping oc-
curs, it might lead to the swept-up hydrogen present in the
ejecta not being observable, and thus we would underesti-
mate the hydrogen mass. Therefore, multidimensional radia-
tive transfer calculations, including the structure resulting
from the interaction of the SN ejecta with the companion
star are needed.
The results in Table 1 give the total swept-up hydro-
gen masses due to both the ablation (heating) and strip-
ping (momentum transfer) though the interaction of the SN
ejecta with a companion star. Generally, the ablated ma-
terial moves relatively slowly, which means it will be well
confined within the radioactive material, have fairly high-
density and will result in a narrow line profile that would be
more likely to be detected. However, the stripped material
has the opposite features, and would be much less likely to be
detectable (Lundqvist et al. 2015). Hydrodynamical simula-
tions show that ablation removes & 50% of the material from
the companion star. Therefore, the ablated hydrogen masses
in the HEMS donor scenario is about & 0.05–0.085 M⊙ ac-
cording to Liu et al. (2012) or & 0.065–0.11 M⊙ according to
Pan et al. (2012). The former prediction has some overlap
with the observational mass limits, and given the uncertain-
ties in the observational prediction, there is hope that these
values could ultimately be reconciled. Finally, the observa-
tional limits are quite sensitive to the velocity of the stripped
or ablated gas (Lundqvist et al. 2015), a tighter constraint
on the hydrogen masses in SNe Ia can only be placed by per-
forming more detailed spectral modelling as well as looking
at a significantly larger sample of nebular spectra of SNe Ia.
In summary, current observations suggest that the
amount of hydrogen in the progenitor systems of SNe Ia is
. 0.001-0.06 M⊙ . However, a more massive hydrogen mass
of & 0.1 M⊙ than the observational limits is expected to be
blown off by the SN explosion in the HEMS donor scenario
based on our self-consistent binary evolution calculations,
which cannot provide a way to explain the lack of hydrogen
lines in late-time spectra of SNe Ia. This presents a serious
challenge to the HEMS donor scenario for producing SNe Ia.
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